[1] The anelastic response of single-crystal and polycrystalline quartz and quartz-rich sandstones to applied stress at low frequencies has been investigated by dynamic mechanical analysis and force torsion pendulum measurements. The dynamic modulus was measured on heating and cooling through the a-b phase transition under shear and bending stress applied at low frequency (~1 Hz). Single crystal quartz shows highly anisotropic properties in both the real and imaginary part of the modulus. Polycrystalline novaculite quartz displays the a-b phase transition temperatures (T c ) around 8 C higher than seen in single crystal quartz, due to the pinning stress effect of grain boundaries. The properties of the sandstone vary with heating and cooling cycles as the cementation and microfracturing of the grain structure changes at high temperature. The phase transition in quartz is ferrobielastic, and as such energy differences between domains in the transformation microstructure arise under conditions of applied shear stress. Pre-transition softening and an increase in anelastic loss above T c are attributed to ferrobielastic switching of incipient domain microstructures that arise in the silica microstructure. The influence of temperature on this microstructure is to induce increased switching of domains as a response to thermal stress inherent in the anisotropic thermal expansion of the polycrystalline structure. These results indicate that ferrobielastic switching in quartz is an important mechanism in controlling changes in mechanical properties. As such, we anticipate that it will induce measurable anomalies in seismic signatures of quartz-rich portions of the Earth's crust in regions of high thermal flux. The transition may also be responsible for observed seismic velocity reductions and tectonic weakening in western North America and in certain parts of Tibetan plateau.
Introduction
[2] The anelastic properties of rock-forming minerals are a potential cause of seismic wave attenuation [Kern, 1979; Carpenter and Zhang, 2011] : changes in bulk and shear modulus, as well as energy dissipation can all affect seismic wave velocity [Liu et al., 1976] . Low-frequency mechanical responses in quartz associated with its phase transition are of interest to Earth sciences in view of the prevalence of this phase in Earth's crust. Quartz is one of the most common crustal minerals, and it has been suggested that the transition may also modify the mechanical strength of quartz-rich rocks in the deep crust. Xu et al. [2007] and Nikitin et al. [2007 Nikitin et al. [ , 2009 identify weakening and seismic velocity reductions in areas of Tibet which influence the dynamic tectonics of the region. A high abundance of quartz-rich rocks in the lower crust has been proposed as a major triggering factor for initiating deformation, but the role of the phase transition on increasing the potential importance of quartz in controlling such deformation has not been directly investigated. The role of quartz in controlling large-scale deformation of continents was briefly discussed by Lowry and Pérez-Gussinyé [2011] recently. However, no low-frequency mechanical spectroscopic investigations of quartz, in the seismic frequency regime (i.e., around and below 1 Hz), have thus far been undertaken.
[3] The a-b phase transition in quartz is, in many respects, a model example of a co-elastic displacive phase transition. Its importance in Earth sciences, materials science, and fundamental structural physics is widely recognized. Occurring at T c = 573 C in pure crystalline SiO 2 , the a-b phase transition is very slightly first order in thermodynamic character and is accompanied by the existence of an incommensurate structure which appears over an interval of 1.3 C around T c [Dolino et al., 1983; Peng et al., 2012] . Early observations, by electron microscopy, of triangular domains in the vicinity of the a-b phase transition, were interpreted as Dauphiné microtwins [Van Tendeloo et al., 1976] . Detailed studies of the incommensurate structure and its influence on the transition have demonstrated that the transition from b-quartz to the incommensurate structure is second order, whereas the subsequent transition from the incommensurate phase to a-phase is first order [Heaney and Veblen, 1991; Peng et al., 2012] .
[4] The mechanical properties of quartz are strongly modified by the a-b phase transition and are themselves of technological and geophysical [Takeuchi and Nagahama, 2006] interest in view of the piezoelectric properties of this material. Indeed, the piezoelectric effect in quartz has been recognized since the early studies of the Curie brothers [Curie and Curie, 1880] . The a-b transition involves a symmetry change from the high temperature space group P6 4 22 of the b-phase to the low temperature a-structure, space group P3 2 21. As such, changes in allowed piezoelectric coefficients, d ijk , occur. Furthermore, symmetry-dependent twinning results from this phase transition, termed Dauphiné twinning. Under application of external field or stress, ferrobielastic switching may occur due to coupling via the differing piezoelectric coefficients.
[5] The a-b transition in quartz is usually described in terms of the critical behavior of the B 1 zonecenter optic phonon ], which provides a mechanism for symmetry breaking. Elastic anomalies also occur due to order parameter-strain coupling and have been successfully explained and shown to be energetically dominant, within the framework of Landau theory by . Hence, critical softening of individual elastic moduli at and approaching T c may result in a reduction to less than half the value observed high into the b-phase.
[6] Quartz displays highly anisotropic characteristics, with strongly direction-related physical properties. Elastic constants of quartz across the a-b transition vary with respect to each other [Ohno et al., 2006] and contribute to the elastic and anelastic anisotropy of quartz under stress. The influence of grain size and sample self-clamping on this phenomenon has been explored by Pertsev and Salje [2000] , Ríos et al. [2001] and more recently, using ultrasonic mechanical methods, by McKnight et al. [2008] . It is found that the typical first-order behavior seen in single crystal samples is modified to second order in nanocrystalline natural samples, due to the effective field induced by grain-grain clamping.
[7] Here, we report the results of high-temperature mechanical studies on quartz samples of differing microstructural scales. We compare results of dynamic mechanical analysis and forced torsion pendulum measurements on single crystal quartz with those on polycrystalline quartz (novaculite) and more porous polygrain sandstone samples. Our results provide new data on the thermodynamic character of the a-b phase transition as a function of grain size and reveal the mechanical and anelastic anomalies related to the transition. Finally, we discuss the possible role of this transition on modifying the properties of quartz-rich rocks in Earth's crust.
Experimental
[8] Mechanical spectroscopic measurements were performed by dynamic mechanical analyzer (DMA) and inverted force torsion pendulum. The Perkin Elmer DMA 7e three-point bending system (Figure 1 ) measures the stiffness of a sample under dynamic beam bending as a function of temperature, applied force, and frequency by considering the probe position as a function of time [Harrison et al., 2004a] . The Young's modulus and mechanical loss of our samples under periodic force at low frequencies were obtained. Temperature scans were carried out from room temperature to 640 C at fixed frequencies for sinusoidally modulated stress at frequencies of 1, 2, 5, and 10 Hz. Samples were prepared as rectangular bars, held between knife edges spaced 5 mm apart, with typical bar widths around 3 mm and thicknesses of around 0.5 mm. The DMA requires samples be subjected to a constant (static) bias stress which is then modulated by a dynamic component. The static force was set to 220 mN for single crystal quartz and novaculite samples and 110 mN for sandstone samples. The modulating dynamic force was 200 and 100 mN, respectively. Low static and dynamic force was applied to sandstone samples, which have lower fracture strength, to avoid breakage of samples. The conditions of force and sample displacement lie squarely in the regime of linear elastic behavior, as confirmed in our measurements of sample response as a function of varying stress (Figure 2 ). Samples were measured under thermal ramps with temperature ramp rates of 1, 2, 5, and 10 C/min to determine the influence of thermal heat flow. Three successive heating and cooling runs were operated with fixed frequencies and temperature ramp rate for each measurement.
[9] A low-frequency inverted force torsion pendulum [Gutiérrez-Urrutia et al., 2004] was used for measuring shear modulus and mechanical loss. The suspension arrangement provides high-resolution data as a function of temperature and frequency with particular sensitivity in tan d, the anelastic mechanical loss (equivalent to Q
À1
). The sample was placed in a furnace under high vacuum of around 10 À3 Pa to ensure that no air friction was involved in pendulum damping. Experiments were conducted at fixed frequencies of 1, 5, and 0.5 Hz, with temperature scans performed by heating up to 640 C and then cooled down to 400 C. The stress is controlled via voltage applied to Helmoltz coils, which couple magnetically to the pendulum. The voltage was selected such that the maximum mechanical shear stress produced a strain of less than 10
À4
. The temperature ramp rate was set to either 1 or 2 C/min.
[ cut length parallel [100] . Polycrystalline novaculite and sandstone samples were cut to a similar size as the single crystal quartz. All samples used for the torsion pendulum were cut with dimension approximately 55 mm Â 10 mm Â 1.3 mm.
[12] Due to the rigorous sample requirement of torsion pendulum, we only obtained valid experimental data from the (relatively tough) novaculite samples. The high porous sandstone samples are very brittle and fragile, especially when cut to very thin strips (<2 mm), and they are inevitably broken during the experimental set up, let alone their further weakening at higher temperature.
Results

DMA Measurements of Single Crystal Quartz and Polycrystalline Novaculite
[13] Measurements of Young's modulus and internal friction were taken for single crystal quartz samples and novaculite ( Figure 3 ). The same sample was used during each set of repeated experiments.
[14] The dynamic Young's modulus E*(o) is related to the deflection of the sample V d in three-point bending geometry via the expression:
where the dynamic force is F d , the angular frequency is o, the phase lag between applied stress and resultant strain is d, and l, w and t are the length, width and thickness of the sample, respectively. From this the storage modulus (real part of Young's modulus) E′ may be obtained, where E′ = s 0 cosd/e 0 with s = stress, e = strain. The imaginary part of the complex dynamic modulus is E 00 = s 0 sind/e 0 . From this the mechanical loss, or internal friction, is given by E 00 /E′ = tan d which is equivalent to the inverse quality factor, Q À1 [Peng et al., 2012] . The absolute accuracy of values for modulus from DMA is affected by systematic errors in quantities such as sample dimensions, force motor calibration, and probe position, resulting in absolute errors of around 10%. The precision, however, is far superior, of the order of 1% or better. Thus the relative variation of mechanical properties can be measured to high sensitivity, and data are then calibrated using well-established elastic constants ].
[15] We observe, from our heating measurements, that in the low-quartz a-phase the real part of the Young's modulus of the single crystal measured parallel to [100] does not vary significantly (from 77 GPa at 20 C to 72 GPa at 500 C) on heating until approaching within 100 C or so of the transition temperature from below (black solid circles in Figure 3 ). The sample of single crystal quartz cut parallel to [001] (red solid circles in Figure 3 ), however, softened by more than 15% from 97 GPa at room temperature to 81 GPa at 500 C. A rather abrupt decrease (to 43 GPa) followed by an immediate recovery within 10 C is exhibited on passing through the phase transition, characterized by a very large elastic softening, followed by a more steady increase on heating above the transition until 600 C. At T c , the mechanical loss reaches a maximum value of up to 0.28 (empty circles in Figure 3 ). The absolute value of Young's modulus of quartz measured parallel to [001] is about 25% higher than that measured along [100], with a correspondingly higher mechanical loss. This reflects the anisotropy of elastic and anelastic properties, with quartz much softer along the [100] axis. The novaculite sample (blue circles in Figure 3 ) exhibits a more gradual decrease of Young's modulus on heating, reaching a minimum at 582 C, followed by an increase on further heating. During cooling, the Young's modulus follows a similar pathway, with T c slightly depressed. The internal friction of novaculite does not vary greatly, except that near T c there is a peak, which is significantly broader than the sharp feature seen in the single crystal samples. Novaculite is slightly softer (92 GPa at 20 C) than single crystal samples when measured parallel to [001] .
[16] The pattern of modulus and tan d during heating is generally the same as observed during cooling. However, there is a 1 C difference between heating and cooling through T c , which is partly due to the thermal hysteresis of the experiment and have dependence of heat transfer during temperature ramping (higher ramp rates result in larger thermal hysteresis) and partly a fine reflection of the hysteresis expected by the first-order thermodynamic character of the phase transition. To correct for thermal heat transfer effects, we collected data at varying ramp rate and extrapolated results to zero ramp rate. Hence we are able to accurately calibrate the influence of varying temperature ramp rate in the experiment. The transition temperature (corrected in this manner) for single crystal quartz was measured as 574 C during heating and 573 C during cooling, and T c for novaculite was found to be~582 C on heating and 581 C on cooling, respectively.
[17] We note that the DMA data collected agree well with our previous experiments of incommensurate phase in single crystal quartz and novaculite [Peng et al., 2012] . However, due to the high cooling rate _ T = 10 C min À1 used in this study, we did not observe the incommensurate phase during the experiments. All data are repeatable, indicating that the thermal history has no influence on the mechanical properties of quartz.
[18] In order to confirm whether or not T c changes as a function of force, we performed temperature scans with different static force, which demonstrate that T c is independent of force within the resolution of our measurements. We also confirmed that transition temperature is independent of the frequency of applied stress (Figure 4) .
DMA Measurements of New Red Sandstone
[19] The DMA data were collected for Permian sandstone during three successive heating and cooling cycles from 500 to 640 C ( Figure 5 ). The same sample was used throughout. On heating, the modulus exhibits a minimum at T c , followed by a recovery up to~600 C and then decreases as the temperature increases to 635 C. During cooling, the modulus does not vary significantly above 590 C but shows a sudden decrease at T c . The Young's modulus measured on cooling cycles is generally lower compared to that measured on heating. When cooling, a deep drop of Young's modulus is observed at T c . Below T c , Young's modulus does not vary much on cooling. The tan d behavior reveals an obvious peak at T c (Figure 5b ). [20] Compared with the reversible changes in modulus and tan d of single crystal and novaculite samples, the modulus of sandstone softens upon further thermal cycles, whereas tan d increases. This is likely due to the development of fractures, microcracks, and degradation of the calcareous cement on heating and imposition of dynamic stress. The patterns of behavior during successive heating and cooling are very different to those seen during the first run, and the structure has changed irrecoverably. The sandstone is more than 10 times softer than single crystal quartz, due to its high porosity, and its modulus shows a much less pronounced softening, characterized by a rather continuous variation of properties through the phase transition. The transition temperature for sandstone is about 5 C higher than that of single crystal quartz. T c does not vary as a function of number of thermal cycles, demonstrating that the behavior observed in the sandstone samples reflects only the quartz content. The sandstone sample became fragile and friable after several heating and cooling runs, even under very small external stress.
Torsion Pendulum Measurements of Polycrystalline Novaculite
[21] The inverted force torsion pendulum measures the shear modulus and tan d of a sample as a function of temperature. In Figure 6 , it is apparent that the novaculite sample shows a minimum of shear modulus and a broad peak of tan d at T c . The transition temperature is about 581 C, in agreement with our DMA results, and is independent of frequency. The mechanical loss, tan d, measured at 0.5 Hz is larger, with a broader peak at T c , due to the background response of the instrument.
[22] Figure 7 shows the differences of torsion pendulum and DMA measurements of shear and Young's modulus, and tan d for novaculite at 1 Hz with the same ramp rate of _ T = 1 C min À1 on cooling. The changes in the elastic and anelastic properties of quartz under shear stress are significantly smaller than those seen in the dilatational and compressive stresses of the DMA measurements. The overall shear modulus of novaculite is significantly lower than the Young's modulus, and tan d is higher under shear stress. Near the phase transition temperate T c , the sample displays a much more subtle change both in shear modulus and tan d: shear modulus only varies by about 3%, compared with a sudden softening from~85 GPa at 400 C tõ 60 GPa at T c in the three-point bending geometry.
Discussion
[23] The most obvious mechanical effect of the phase transition in single crystal quartz is the very large critical softening of elastic moduli close to T c . This is clearly seen in data for the modulus of single crystal quartz. The small hysteresis (~1 C) between heating and cooling is characteristic of the first-order nature of this phase transition. Furthermore, our low-frequency high-temperature DMA and torsion pendulum measurements reveal a sharp peak in mechanical loss at T c , again characteristic of first-order phase transitions measured at lowfrequency, in which the phase interface dominates anelasticity [Jakeways et al., 2006; Walsh et al., 2006; Harrison et al., 2003 Harrison et al., , 2004b .
[24] The a-phase single crystal quartz shows typical anisotropic properties between the samples with length parallel to [001] and [100]. Such directionaldependent divergence can be explained in terms of the symmetry-related elastic constants. In the three-point bending symmetry, a trigonal crystal with length parallel to [001] under a uniaxial stress the elastic constant C 33 dominates the Young's modulus. From the theoretical calculations and Brillouin scattering experiments, C 33 softened around 17% from 20 to 500 C [Ohno, 1995] , which is in agreement with our experimental observation of Young's modulus in the a-phase for sample with length parallel to [001] . For the sample measured length parallel to [100], the dominant elastic constant is C 11 in the three-point bending geometry. Our data are inconsistent with previous observations. [25] Quartz is a ferrobielastic with ferrobielastic domains with opposite axes, the Dauphiné twins. As such the motion of twin walls in response to applied stress in appropriate orientations can occur with an accompanying increase in tan d and softening of the effective measured elastic modulus [Guzzo et al., 2006] . However, twin wall motion can only explain the softening below T c , because it disappears in the high-temperature b-phase. An early study by Kern [1979] explained that the rapid reduction of elastic constants in the low-temperature a-phase of quartz is correlated to the atomicforce-constant softening due to the increasing anharmonic vibrational character resulting from a movement of the atomic equilibrium positions. However, in the high-temperature b-phase, the increase in elastic constants is due to the hardening of the atomic-force-constant as a consequence of disappearance of anharmonic vibrational character. Subsequently, elastic constants soften from above T c as described by , with coupling between the fluctuating strain and the soft optic mode providing a possible mechanism [Walsh et al., 2006] . The transition is frequency and stressindependent, as expected for its thermodynamic character.
[26] By comparing the Young's modulus measured by DMA and shear modulus measured by torsion pendulum, it is clear that the shear modulus varies by only about 3% through the phase transition, while the Young's modulus drops more than 30% (Figure 7) . The dynamic modulus is determined by the individual elastic constants, and it has been demonstrated by Ohno [2006] that the linear incompressibility K 1 = (C 11 + C 12 + C 13 )/3 and K 3 = (C 33 + 2C 13 )/3 for isotropic dilatation in directions perpendicular and parallel to c axis and the trigonal constant C 14 decrease rapidly toward T c , whereas the shear moduli C 44 , C s1 = (C 11 + C 33 À 2C 13 )/4 and C s3 = (C 11 À C 12 )/2 = C 66 decrease only slightly. Here C s1 and C s3 are shear moduli in the directions perpendicular and parallel to the c axis, respectively.
[27] Natural polycrystalline novaculite with grain size 1-5 mm has T c 8 C higher than single crystal quartz, which is attributed to the influence of internal stress, induced by self-pinning and grain boundary effects. Formed of randomly oriented grains, the novaculite sample is subjected to increasing internal pressure on heating because of anisotropic thermal expansion. Unlike the three-dimensional elastic clamping of nanocrystal systems [Pertsev and Salje, 2000] , the natural polycrystalline samples have grain boundaries equilibrated within the lowtemperature phase, since this corresponds to their temperature of formation. Nevertheless, the phase transition in novaculite does show some continuous character, compared with the behaviors seen in single crystal quartz. This is obvious most especially in the broad tan d peak associated with the phase transition. Calorimetric and dilatometric studies indicate that the first-order transition in quartz becomes smoother in fine-ground quartz or natural quartzite. This smearing of the transition is caused by particle size effects [Moore and Rose, 1973] as well as the ability of fine-grained quartz to release the internal stress by displacement of grain boundaries [Sorrell et al., 1974] .
[28] The natural sandstone sample shows mechanical response allied to the structural phase transition in the same general way as seen in quartz and novaculite, but with important and significant differences. McKnight et al. [2008] divided three different grainsize-dependent regimes, within which elastic properties show different features. For larger grain sizes, represented by quartzite with grain size >0.1 mm, the sample may undergo self-cataclasis due to stress around the transition because of the formation of microcracks, allowing individual grains to pull apart. The sandstone sample has much bigger grains with very high porosity. It is certain that the softening in the vicinity of 580 C is caused by the majority quartz content of the rock. The initial behavior of the sample is similar to that of single crystal quartz, except with substantially lower modulus, due to the porous structure. It is interesting to note the modulus behavior above 600 C on heating. The anomalous decrease indicates the softening of the sample in the high-temperature b-phase. This can be attributed to the decomposition of the CaCO 3 -rich cement that pervades the rock. This breaks down around these temperatures via the reaction CaCO 3 ! CaO + CO 2 . On cooling, the dramatic difference of modulus, and accompanying tan d value, is enhanced in the sandstone sample, caused by the density variation between low-temperature a-phase and high-temperature b-phase. Defects and clamping effects lead to the 4 C increase in T c compared to single crystal quartz. The decrease in modulus as a function of heating and cooling cycles is likely linked to the combined effects of cement degradation and sample self-cataclasis.
Geophysical Implications of the a-b Quartz Transition
[29] As the commonest mineral in continental crust, quartz and quartz-bearing rocks dominate crustal seismic wave velocity structures and have significant potential influence on the tectonics, rheology, and dynamics of the crust.
[30] The a-b phase transition in quartz drastically modifies the physical properties of quartz-bearing rocks. In the vicinity of T c , the thermal expansion coefficients increase rapidly, elastic constants change abruptly, especially C 12 and C 13 which become negative, and accordingly the Poisson's ratio changes sign from positive to negative. Poisson's ratio is sometimes used as an indicator for determining crustal mineral and chemical composition, so the fact that it is so variable as a function of temperature in quartz may result in skewed conclusions if this is not taken into account. A linear negative correlation between Poisson's ratio and increasing SiO 2 content was inferred for rocks with 55-75 wt.% SiO 2 [Christensen, 1996] , for example, but it is easy to see that similar results might be obtained in rocks of constant quartz content but varying temperatures, close to the phase transition.
[31] The a-b phase transition in quartz-rich rocks can lead to the formation and concentration of mechanical stresses at the same time as a decrease in elastic stiffness. The temperature dependence of the strength of quartz was examined by Westbrook [1958] , who reported a minimum in strength at the phase transition. This agrees with the general relationship between elastic modulus and yield strength for ceramics [Ashby, 1999] and our measurements of elastic modulus, which indicate the likelihood of mechanical weakening near the phase transition in quartz-rich crustal materials.
[32] Phase transitions in minerals are recognized as a potentially important mechanism for weakening in the Earth's crust and mantle. Christian et al. [2003] provide indirect experimental evidence of phase transition induced weakening by observing the deformation of fluid inclusions in a quartz crystal through the a-b phase transition. They demonstrate that at the phase transition, the creep strength of the quartz sample reaches a minimum, and the only possible mechanism is plastic deformation induced by the phase transition itself (transformation plasticity). In the crust, transformation plasticity of quartz could give rise to plastic deformation in shear zones. Figure 8 displays the plastic strain of our novaculite measured by torsion pendulum, from which it is seen that a drastic increase of plastic strain occurs at T c and reaches a maximum near 600 C. Early experiments demonstrated that the strength of a quartz crystal at 600 C is around 100-fold lower than at 300 C, due to the hydrolization of the Si-O bond, and hence large plastic deformations can be produced without fracture [Griggs and Blacic, 1965] . This feature can be expected to give rise to weakening in Earth's quartz-rich lower crust. Even without the participation of water, the dramatic change of plastic strain due to the phase transition has the potential to cause tectonic weakening over a narrow temperature range. The plastic strain in the b-phase is substantially higher than that in the a-phase. In areas where high thermal flux occurs, the weaker high-temperature phase of quartz could allow significant tectonic strain to develop. [33] In the lower crust or tectonically active zones, the a-b phase transition of quartz intersects the geothermal gradient, potentially resulting in discrete zones of much weaker crust. Nikitin et al. [2009] suggested the phenomenon may occur in the central Tibetan Plateau. Some argue that weak zones in the crust caused by the a-b phase transition in quartz would only be narrow in terms of depth or temperature range. Gibert and Mainprice [2009] discovered that the thermal conductivity of quartz reaches a minimum at the a-b phase transition. This sharp decrease of thermal conductivity extends over 30 C around T c , which corresponds to a depth range of around 1 km along the geotherm. The reduction of conductivity and the associated latent heat of the transition near T tr can therefore stabilize the geotherm at the phase transition and increase its potential influence.
[34] A recent study [Menegon et al., 2011] investigated the relationship between Dauphiné twinning and plastic strain in quartz and found that stressinduced twinning occurring at the a-b phase transition has an influence on the partitioning and localization of plastic strain. An increase in plasticity is therefore expected near the phase transition and transformation-induced superplasticity can occur in discrete zones of high microplasticity, surrounded by an elastically deformed medium. The phase transition can also facilitate failure of quartz rich rocks, which would be expected to promote the formation of shear zones or regions of high deformation [Nikitin et al., 2007] . Kern [1979] conducted a series of experiments with different samples containing various percentages of quartz crystals and found that the amount of softening near the a-b phase transition seems to be independent of content of the constituent quartz crystals, although softening occurs over a narrower temperature range in quartzite (100 vol.% quartz) than granite and granulite (21.6 vol.% and 28.2 vol.% quartz, respectively). Furthermore, quartz and other silicate minerals are well developed on many seismic faults, even when the surrounding rocks are not quartzbearing, suggesting that the high-temperature properties of quartz may be important at earthquakes in many rock types [Power and Tullis, 1989] .
[35] Lowry and Pérez-Gussinyé [2011] investigated the role of crustal quartz in controlling Cordilleran deformation in western North America. The ratio of compressional (V p ) to shear (V s ) seismic wave velocity was interpreted in terms of compositional variations, in particular of variations in quartz content. Taking the Clausius-Clapeyron slope of the a-b phase transition and laboratory measurements of rock properties into consideration, lowtemperature quartz is expected to be the stable phase in the lower crust of the weakened zones in western North America. Bürgmann and Audet [2011] concluded that the lower value of V p /V s is uniquely associated with high concentrations of quartz in the crust, which is invoked to be responsible for tectonic weakening in specific zones. The ratio of V p /V s for quartz is, however, highly temperaturedependent [Kern, 1979] . The ratio of V p /V s in novaculite was calculated and is illustrated in Figure 9 . The seismic frequency data obtained in this study are good agreement with the ultrasonic measurements of Kammer et al. [1948] and Zubov and Firsova [1962] . The lowest value is associated with the phase transition at relative high temperature (>500 C) and V p is mainly controlled by the Young's modulus, whereas V s is dominated by shear modulus. The Young's modulus varies more than 30% with temperature (Figure 7) , while shear modulus is almost temperature-independent. Hence the V p /V s variation is mainly related to the dependence of V p on temperature. According to the surface heat flow distribution [see Lowry and Pérez-Gussinyé, 2011, Figure 4a] , it is clear that the tectonically weak zones have high thermal flux in the crust and below. Hence, rather than invoking a high concentration of quartz and variations in mineral content, their observations may be explained in terms of temperature variations and the associated phase transition in quartz. This also greatly weakens the mechanical strength of lithologies in which it resides and may be a trigger for plastic deformation.
[36] The existence of the a-b transition in rocks of Central Tibet at depths of 18-32 km may lead to one such zone of quartz-dominated mechanical weakening. In the southeastern Tibetan Plateau, pre-melting has been proposed as the cause of intra-crustal low velocity zones [Xu et al., 2007] , Figure 9 . Comparison of the ratio of V p /V s from the polycrystalline novaculite sample and that obtained from previous studies of the elastic constants of single crystal quartz.
but the quartz phase transition would lead to similar phenomena. Seismologic observation of the northern Lhasa block by Min and Wu [1987] and Zhang and Klemperer [2005] revealed an anomalously low velocity zone at the upper crust. In this area [see Zhang and Klemperer, 2005, Figure 1 ], V p reduced to 5.1 km/s at depths of 20 km, but at shallower regions V p ranged from 5.6 to 6.2 km/s. This lowvelocity zone has a thickness of around 5 km, overlying a thick middle-lower crust of velocity 6.5 km/s. The ratio of V p /V s also decreases to 1.65 from 1.75 or higher. High-temperature/pressure experiments [Kern, 1982] showed that basic rocks below and close to the solidus have a V p /V s ratio of 1.75, which only quartz-rich rocks at high-temperature/pressure conditions can produce such low V p /V s ratios. Min and Wu [1987] demonstrated that a granitic or quartz-rich upper crust with a relatively high temperature gradient of 50 C/km at the surface and 18 C/km at a depth of 20 km is consistent with the seismic data. However, they attributed the low V p /V s ratio to high volumetric thermal expansion and the development of microcracks at grain boundaries. According to our experiment (Figure 9 ), the a-b phase transition in quartz is the major cause of the decreasing of the V p /V s ratio. Other physical properties also change at the a-b transition, including lower thermal conductivities, to enhance the effect of the seismic velocity reduction, and potentially expand this region to 5 km in thickness. [37] In conclusion, the phase transition of quartz will occur in areas of the crust with high magmatic and thermal activity: the base of the lithosphere and top of the asthenosphere, and in subduction zones. Indeed, the a-b phase transition in quartz acts as a geothermometer and has been used to constrain thermal structure at depth [Mechie et al., 2004] . However, the phase transition in quartz is not irrelevant to the stable continental crust: granitization occurs at temperatures close to or exceeding T c , so the a-b is expected in such areas [Nikitin et al., 2009] . Despite well over a century of study, it is clear that this phase transition retains features that demand further investigation and consideration and that may have wider implications for the general behavior of geomaterials in the Earth.
